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ABSTRACT
Solar energy has become a hot prospect for the future replacement of fossil fuels, which have
limited reserves and cause environmental problems. Solar cell is such a device to directly
generate electricity from this clean and renewable energy source. Today's photovoltaic market is
dominated by Si flat-plate solar modules, but its production cost is still much higher than that of
fossil-fuelled power plant. To reduce this cost, sunlight concentrator, which is made of cheap
materials like glass, polymers and metals, can be used together with the solar cell. It is able to
focus a wide column of sunrays onto a small piece of solar cell, thus the required dimension of
the cell is greatly reduced. The cost analysis showed that it is preferable to use high-end solar
cells with higher concentration ratio, since this leads to great increase in output power and less
significant increment in overall cost, as this cell cost is small compared with the entire solar unit
cost. The best concentration system with most efficient solar cell is found to be able to achieve a
lower average price than Si flat-plates, and with sufficient market penetration, its average cost
may even be comparable to that of a newly established coal-fired power plant. Therefore,
concentration solar module has great potential to secure its share in the fast-growing photovoltaic
market, serving as supplement to currently dominating fossil fuels and even replacement for
them. Existing IP was also carefully reviewed to find out possible aspects for future
developments. Finally, possible business strategies were studied and discussed. It was
recommended to start as an IP company, which may expand to manufacturing company in the
long run.
Thesis Supervisor: Eugene A. Fitzgerald
Title: Merton C. Flemings-SMA Professor of Materials Science and Engineering
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1 Introduction
Solar energy is commonly viewed as an inexhaustible and absolutely clean energy source.
Although today's world still heavily depend on fossil fuels, due to their limited reserves and the
pollution caused by burning them, there is increasing need to develop alternative sources that are
clean and renewable, such as this energy from the sunlight. Solar cell is such device that can
directly convert solar radiation energy into electricity via the photovoltaic effect.[P] It is most
commonly made of semiconductor materials that form a p-n junction, as shown in Fig.1 (a)
below.
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Fig. 1. (a) A p-n junction under illumination, and (b) I-V characteristics of the p-n junction, with and withoutillumination. For a certain operational point (V,I) on the I-V curve, the product P = IV gives the electricpower output, which is also the area of the rectangle with a vertex at this point.
When a photon with energy greater than or equal to the band gap is absorbed by the
semiconductor, an electron is promoted from the valence band (VB) into the conduction band
(CB), leaving a hole in the VB. Although equal number of electrons and holes are generated, the
minority carrier concentration, i.e. electrons in p-type and holes in n-type semiconductor, is
greatly boosted, while the majority carrier concentration has little change. Therefore, photo-
generated electrons and holes will diffuse through the junction as illustrated in Fig. 1(a), leading
to a current II. This light-generated current thus changes the I-V characteristics of this p-n
junction. As shown in Fig. l(b), under open-circuit condition, the diffused photo-generated
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charge carriers will make the p-side positively charged and the n-side negatively charged, and
thus an open-circuit voltage, Voc, is built up. If the two ends of the p-n junction is connected by
wire, these diffused charge carriers will be able to flow through it, leading to a short-circuit
current Is,,, which is ideally equal to It. In practice, this built-up voltage is able to drive a direct
current through an external load, with an electric power equal to the product of this direct current
and the voltage, i.e. the area of the rectangle bounded by the I-V curve and the axes. There exists
a point at which this rectangle has maximum area, i.e. a maximum output power Pma is achieved.
There is: Pmax = ImVm = IscVocFF, where Im and Vm are the current and voltage at this maximum
power point, and FF is the fill factor related to the IV-curve loss.
The energy conversion efficiency of a solar cell, qr, is the ratio of this maximum output electric
power to the total input solar radiation energy. It should be noted that the intensity of solar
radiation at sea level is a constant of about lkW/m2, thus the energy conversion efficiency is
directly related to the output power. Simply speaking, if such efficiency is low, we will need a
larger cell to generate same amount of power, and thus the cost will be higher. Therefore, being a
direct measurement of the solar cell's ability to convert solar energy into electricity, this
efficiency is its prime property. This constant solar radiation intensity of lkW/m2 is commonly
used as a standard test condition (STC) for terrestrial solar cells. Other STCs include temperature
of 300K and AM1.5. Here AM refers to airmass, which is a measurement of the attenuation of
solar radiation by the atmosphere due to scattering and absorption.
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2 Current Solar Cell Technologies
Fig. 2 shows the solar cell market share in 2004.[2] Crystalline Si solar cells dominate the present
market with a 93% share in total, while thin-film cells have the rest 7%. It should be noted that
the commercialization of some new technologies has already started, and these novel types of
solar cells are expected to claim their share of the market in the near future. Some other solar cell
technologies are still under development, and may challenge current ones once they are fully
mature.
Others Amorphous Si
2%\ 
RihhoniSheet
Multi Crystalline
56%
Crystalline
4%
no Crystalline
33%
Fig. 2. Solar power market share.
2.1 Crystalline Si Solar Cells
Crystalline Si is obtained from controlled solidification of Si melt. As it is important to form
ohmic contact between the solar cell and metal pad contact to have low resistance, acceptors
such as boron are commonly added into the Si melt to make it p-type. One common practice is to
pour the melt into a crucible, after which directional solidification will start upon cooling. Such
solidification is fast and takes places at many positions inside the melt, resulting a structure
consists of many single-crystalline grains, and is thus termed "poly-crystalline" or "multi-
crystalline". The solidified ingot is then sliced into wafers and doped with donors, such as
phosphorus, at top surface to form p-n junction. Metal contact is formed at back surface for
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current extraction, and antireflection coating (ARC) is deposited at top surface to reduce the
reflection of sunlight. The contact at top surface needs to be carefully designed to have sufficient
conductance while blocking as little sunlight as possible. These multi-crystalline Si cells are easy
to mass-produce with low cost. Therefore, they occupy a biggest market share of 56%. However,
contaminates are often introduced from the crucible. These defects, together with the grain
boundaries, act as recombination centers where photo-generated electrons and holes recombine
and are thus eliminated. This leads to a relatively low efficiency of around 17%.1l
Alternatively, Si wafer with better quality can be produced from melt for higher solar efficiency.
A single-crystal Si ingot can be grown with Czochralski method, in which a small Si seed is
brought in contact with the melt surface and slowly pulled up. Mono-crystalline Si solar cells can
be produced from such ingot, and the best commercial cell of this type can have 20% efficiency
for large-area and 24.7% for a 4 cm 2 device.[l] However, this process is slower and more costly
than the manufacturing of multi-crystalline cells. Thus, mono-crystalline Si cells have a smaller
market share of 33%.
In both above cases, slicing the wafers from the ingot leads to great material loss. Such "saw" is
usually steel wires driven by rollers, and even with very fine wire, around 30% of Si is still lost.[J'
Several techniques have been developed to directly grow Si melt into ribbon or sheet shape, thus
no sawing is needed. Because such techniques are very new to the market, they have a much
smaller share of 4%.
Generally speaking, crystalline Si cells have many advantages over other solar cell technologies.
Si is more abundant than other semiconductor materials and its production process is quite
sophisticated. It is also easier to manufacture Si wafer into large size. This leads to relatively low
cost and high throughput. Si cells are also more durable and have lower weight than many other
types of solar cells. In practice, Si flat-plate solar module is made by packaging the solar cells
with metal frame, circuit and proper heat sink, and such modules are assembled into arrays for
various applications (Fig. 3).
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RAY
Fig. 3. Assembly of flat-plate solar array (left) and such arrays are mounted on roof top (right).
However, compared with electricity generated by burning fossil fuels, solar electricity from
crystalline Si cells is still too expensive. The unit cost of solar electricity is commonly measured
in dollar-per-watt-peak ($/Wp). Here watt-peak is the output power measured at STCs. To be
comparable to the price of electricity generated from fossil-fuelled power plants, the production
cost of solar electricity needs to be below $1/Wp,.3] However, current crystalline Si cells' price is
around $4/Wp.[ ] Such high cost greatly hinders the progress of this technology.
2.2 Thin Film Solar Cells
One approach to reduce the cost is to use cheaper or less materials. Thin film solar cells can
absorb light very well, thus a layer as thin as one micron will be good enough. Therefore, the
material cost is greatly reduced, leading to a lower retail price. Among these thin-film cells,
amorphous Si solar cell occupies the greatest market share of 5%. Unlike crystalline Si, which
has an indirect band gap of 1.12eV, amorphous Si has a direct band gap of 1.75eV. It can be
passivated by hydrogen and doped with boron and phosphorus at two opposite sides respectively,
forming a p-i-n junction. However, amorphous Si cells can be degraded by strong sunlight over
time and this greatly reduced its practicality. Other thin-film cells include CdTe and
Cu(In,Ga)Se 2. Techniques have been developed to print Cu(In,Ga)Se 2 films in a very fast and
efficient way, just like printing newspapers. Also, compared with crystalline Si array, thin film
module can be produced directly thus no assembly work is required. Therefore, a manufacturing
cost below $1/W, is able to be achieved.
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Although thin-film solar cells are cheaper than the crystalline Si ones, their efficiency is
significantly lower, ranging from 8% to 14% in practice. 1] Thus the output power is low. For
example, a roof top covered by thin film solar cell can only generate about half of the electric
power that can be generated by crystalline Si flat-plates. There is still plenty of room to improve
this efficiency, and thin-film cells are thus viewed as a hot prospect for the future.
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3 High-efficiency III-V Multijunction Solar Cell
Another approach to reduce the unit cost is to increase its denominator, i.e. the output power
from the solar cell by improving its energy conversion efficiency. The efficiency of current
crystalline Si solar cell is limited by a few factors. For instance, not all the photo-generated
electrons and holes contribute to the DC power, as a certain portion of them will inevitably
recombine in the bulk and contact areas and thus be eliminated. The series resistance also leads
to loss of electric power. However, there is a most fundamental factor that sets a theoretical
upper limit to this efficiency. The solar spectrum consists of radiations with a wide range of
energies, but a p-n junction can only well utilize that corresponds to its band gap. Photons with
energy smaller than the band gap are unable to promote electrons from the VB to the CB, and are
thus not useful at all. Such photons will just transmit through the cell, and the loss of this portion
of photons is termed transmission loss. Photons with energy much greater than the band gap can
promote electrons to quite high energy levels in the CB, but these electrons will then degenerate
to the levels near the edge of the CB, dissipating the extra energy in the form of heat. This incurs
the thermalization loss. Therefore, high energy photons are not fully utilized, either. As
crystalline Si cell has only a single p-n junction with band gap of 1.12 eV, a theoretical
maximum proportion of about 30% of the absorbed solar energy can be converted into
electricity.[4 ] Due to other factors, the practical efficiency is even lower.
To break this limit, an integrated solar cell with multijunction structure can be introduced. It
consists of a series of single-junction sub-cells, each with a different band gap, that are stacking
in the sequence of decreasing band gap energy. Thus the most energetic photons are absorbed by
the top sub-cell, while the rest pass through it and are absorbed in turn by the sub-cells below.
The more junctions the solar cell has, a larger proportion of the solar radiation energy can be
well utilized. Ideally, for a solar cell with infinite junctions, the efficiency can be as high as
86.8%.[5] Fig. 4 shows the calculated maximum efficiencies for solar cells with various number
of junctions under STCs.16 ] It is also assumed to have low Aerosol Optical Depth (AOD), i.e.
high visibility, in these calculations. The loss due to the fill factor may be inevitable, but with
more junctions, thermalization and transmission loss can be greatly reduced, as previously
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wasted radiation energies are much better absorbed by other sub-cells and utilized in electricity
generation. Therefore, more solar power becomes usable, leading to a higher efficiency.
V UU
80
260
040
20
n
Loss mechanisms:
Transmission
Thermalization
SIV-curve
Usable power,
efficiency
1 2 3 4
Number of pn junctions
Fig. 4. Calculated maximum efficiencies (percentage of usable power) of solar cells with 1 - 5 junctions. It
should be noted that concentrated sunlight at 1000x ratio is used.
Instead of silicon, III-V compound semiconductors are mainly used for this type of multijunction
solar cells. Such semiconductors' band gap is a function of the composition, and can thus be
tuned over a wide range from 0.5 eV to 2.0 eV by adjusting it.E71 For monolithic cell, it is also
important to have the layers of sub-cells lattice-matched. Mismatch in lattice parameters leads to
defects, which can act as recombination centers for the photo-generated electrons and holes, thus
reducing the cell efficiency. Such relationship of band gap energy and lattice constant of various
III-V compounds and their alloys, together with that of Si and Ge, is shown in Fig. 5.[81 The
hatched rectangles indicate the desired band gap energies for the sub-cells in the systems of
tandem cell (with two junctions) and triple-junction cell.
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Fig. 5. Band gap energy vs. lattice constant for III-V compound semiconductors, Si and Ge.
Fig. 5 provides a guideline for the design of III-V multijunction solar cells. In 1984, the first
monolithic cell of this type was invented, which has two junctions formed by growing InGaP on
GaAs substrate.[ 9] Further research work had been carried out since then and such tandem solar
cell evolved to triple-junction structure. The most successful commercial triple-junction solar
cell started to be used for space applications in the 1990s, and its structure is illustrated in Fig.
6.[10] The Ge substrate is also doped to form a p-n junction, thus also acts as a sub-cell with band
gap of 0.65 eV. The two sub-cells grown on it are made of Ino.5Gao.5P and Ino.o1Gao. 99As, thus
both have perfect lattice match with the Ge substrate. It should also be noted from Fig. 6 that, in
order to reduce recombination effect, each sub-cell must be passivated at both sides, normally by
a window layer on top and a back-surface field (BSF) below. It is also desirable to have a buffer
layer between the substrate and the sub-cell right above it to reduce lattice mismatch. Between
every two sub-cells, a tunnel junction layer is deposited to facilitate the current flow.
Antireflection (AR) coating is practically applied onto the top cell surface to reduce the loss of
sunlight due to reflection.
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Fig. 6. Illustration of InGaP/InGaAs/Ge triple-junction solar cell.
Fig. 7 shows the timeline of the development of all types of solar cells. Due to the ability to
absorb a wider range of solar radiations, III-V multijunction solar cells have the highest
efficiency among them. The world record of 40.7% efficiency was made by Spectrolab with its
triple-junction cell in late 2006. It should be noted that such efficiency was achieved with proper
sunlight concentration, which is discussed in the next section.
Currently, leading manufacturers including Azur Solar, Spectrolab and Emcore are working for
further improvements. As suggested in Fig. 4, the efficiency can be increased by introducing
more junctions into the structure shown in Fig. 6. It can be seen from Fig. 5 that in the triple-
junction structure, the difference in band gap between the bottom sub-cell and middle sub-cell
(-0.75 eV) is almost twice of that between the top sub-cell and middle sub-cell (~0.40 eV), and
this would lead to thermalization loss in the bottom sub-cell. Therefore, inserting an additional
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sub-cell with band gap of around 1 eV will reduce this loss and improve the efficiency.
According to Fig. 5, such p-n junction with 1 eV band gap can be made using GaInNAs, which is
lattice-matched to Ge substrate. Also, Al can be alloyed with the InGaP top sub-cell to increase
its band gap to 2.0 eV, thus another sub-cell with 1.7 eV band gap can be added. Fig. 8 shows the
five- and six-junction structures suggested by researchers in Europe, which can ideally have
efficiencies of 55% and 58%, respectively. 111] Spectrolab has also proposed in its roadmap a five-
junction solar cell with maximum efficiency of 45%, which is to be produced in 2010.[12] The
actual efficiencies in practice will be a little lower than these calculated values, but they are
already much better than other types of solar cells.
Fig. 7. Timeline of solar cell conversion efficiencies (from National Renewable Energy Laboratory).
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Fig. 8. Illustration of five- and six-junction solar cells.
The layers of III-V compounds can be formed by epitaxial growth on the Ge substrate. This can
be done by liquid phase epitaxy (LPE), molecular beam epitaxy (MBE), or metal-organic
chemical vapor deposition (MOCVD). LPE is not a suitable method for this production, as very
good crystal quality is required for these III-V layers. Solar cell is a minority carrier device, and
the lifetime of the minority carriers is strongly affected by the crystal perfection. While both
MOCVD and MBE can achieve such good quality, MOCVD has lower cost, and is thus the most
favorable method.
For a typical triple-junction cell illustrated in Fig. 6, around 20 layers of various III-V
compounds are grown on the Ge substrate. Organic precursors of these III-V elements are fed
into the reaction chamber, which react at the substrate surface. For the five- and six-junction
structures, more layers need to be grown and the process will be slower. This is followed by the
formation of metal contact on the surface, which is usually done by photolithography.
Antireflection coating is finally applied.
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4 Concentrator Systems for Solar Cells
4.1 Overview of Sunlight Concentration
The overall cost of solar module can be further reduced by using concentrated sunlight. Such
concentrator system is commonly based on simple optical principles, as shown in Fig. 9. A
Fresnel lens or parabolic mirror is used to focus sunlight onto the solar cell. Such lens or
reflector is usually made of plastics, glass or metals that are much cheaper than the
semiconductor cell. Therefore, instead of making a large solar cell, which can be quite costly, a
much smaller cell can be used in the module, and with a large concentrator to collect sunlight
and direct it to the cell, almost same output power can be achieved. Thus the total cost of the
module with concentrator is greatly reduced.
(a) (b)
Fig. 9. Illustration of concentrator optics, (a) Fresnel lens and (b) parabolic reflector.
The usage of concentrated sunlight also increases the efficiency of the solar cell. Under high
concentration of sunlight, the effects of recombination of charge carriers, and the block of
sunlight by top surface contact, will be less significant to the efficiency. Thus more electricity is
generated from the cell, which also leads to the cost reduction.
In practice, Fresnel lens is made of transparent materials such as PMMA and glass, which can
converge and focus light passing through it just like a conventional convex lens. However, it is
much thinner and thus has lower cost and weight. While concentration as high as 2500x can be
achieved with a carefully designed Fresnel lens, the simple setup as shown in Fig. 9 must be
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improved to be used in higher concentration systems. The prototype shown in Fig. 10 has a much
less concave primary mirror to collect more sunlight, which is then reflected to the solar cell by
the secondary mirror. With this double-reflection technique, a concentration ratio as high as
4000 x can be achieved.[14] Commercial concentrators usually use inexpensive setups with
around 100 - 400x concentration, but for very high efficiency, 500 - 2000x concentration is
usually desired.
Sunray
Fig. 10. Illustration of glass-filled double-reflection concentrator.
The sunlight concentrator is particularly important to the III-V multijunction solar cell described
in the last chapter. Such cell has quite complicated structure and is usually made of III-V
compounds, which are less abundant than Si. Its III-V or Ge wafer is also much more expensive
than Si, and more difficult to make into large size. The manufacturing process involves
deposition of many layers of III-V compounds with different composition, and the precursors
used, such as arsine, are highly toxic. Therefore, although III-V multijunction solar cells have
around twice the efficiency of crystalline Si cells, their manufacturing cost may be a hundred
times higher. Such high cost greatly limits the practicability of III-V multijunction solar cells.
With sunlight concentrator, however, a much smaller cell will be good enough, thus the cost is
greatly lowered. In fact, the cell cost often contributes quite a small portion to the total cost of a
concentrator module, which also includes costs of assembly, concentrator lens and other
components.
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On the other hand, it is highly desirable to use high-efficiency cell in concentrator module. The
efficiency of the concentrator itself is always less than one, i.e. not all the collected sunlight is
directed to the solar cell. A typical concentrator system with Fresnel lens can transmit around
80% of solar radiation energy to the cell with the rest wasted.[E15 Due to other factors discussed in
the following section, the overall efficiency is even lower. If we assume a further decrease of
20% to the efficiency, in order to match up to the commercial non-concentrator solar cell, which
can be as efficienct as 19%, the solar cell used with concentrator needs to have efficiency of at
least 29.7%. This is almost the theoretical efficiency limit for single-junction Si cells, but III-V
multijunction cells can have efficiency beyond it. Also, as the cell cost is only a small part of the
total cost, it is preferable to use expensive but high-quality solar cells in concentrator modules.
Conclusively, the coupling of III-V multijunction solar cells with sunlight concentration systems
offers higher efficiency and thus greater output electric power than currently dominating Si-
based technology, while maintaining a low cost. Therefore, such technology of multijunction
concentrator solar cell has a very promising future. Still, many other issues need to be considered
and further research work is required for improvements.
4.2 Other Issues of Concentrators
The concentrator can only utilize direct solar radiation. The air molecules in the atmosphere can
diffuse the sunlight, and even in cloudless day, around 15 - 30% of total solar radiation is
scattered.J1 Other particles suspended in the atmosphere can also scatter the sunlight. Thus
concentrator modules are best used in arid and sunny areas like deserts.
As the sun is always moving in the sky, to keep the solar cell in the focal plane, a tracking
system is often needed to constantly detect the sun's position and rotate the concentrator module
towards it by additional mechanical systems.[E6] As illustrated in Fig. 1 1(a), a pair of photodiodes
is used to form a simple sensor. If the solar module is not facing the sun, the shading device will
cast a shadow onto one of the photodiode, thus an error signal is generated, which can in turn
lead to correction movement of the module. The sensitivity can be improved by mounting the
photodiodes on tilted planes, as shown in Fig. 11(b). Very precise sun tracking is required for
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high concentration modules, and this can be facilitated by an additional collimator to block
diffuse sunlight, as indicated in Fig. 11(c).
AMR A
k
(a) (b) (c)
Fig. 11. The sensors in tracking systems with (a) two photodiodes and a shading devices, (b) photodiodes
mounted on tilted planes, and (c) additional collimator for precise tracking.
These units introduce extra installation and maintenance costs to the solar cell modules.
Alternatively, static setup can be used, which is free of sun tracker and mechanical parts. Its
concentration, however, is usually below 10x.[ ' In practice, 2x and 4x concentrators have been
developed for flat-plate modules. Research work has been carried out to improve its
concentration ratio by using luminescence and photonic crystals.
It is also important to establish appropriate heat sink for concentrator module. Without proper
heat dissipation, the temperature of the solar cell under 500x concentration can reach 1400 0 C,
which may lead to efficiency decrease and even permanent cell damage. E1 71 Therefore, cooling
system is mandatory at high concentrations. This can be done by attaching the solar cell to a
copper plate with the same size of the Fresnel lens. Advanced cooling systems such as heat
exchanger and liquid cooling can also be used, but usually copper plate dissipater is good enough
for most commercial concentrator cells.
Theoretically, the efficiency of the solar cell will keep increasing with the concentration ratio till
its thermodynamic limit is reached.t51 However, in practice, the module efficiency will start to
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decrease at a very high concentration ratio. This is because that, under high concentrations, the
photo-current is much greater than that under non-concentrated solar radiation. As the power loss
due to series resistance is proportional to the square of the current, such loss will be more
significant now with concentrated sunlight. As shown in Fig. 12, as the concentration ratio
approaches 1000x, the efficiency for a typical triple-junction cell is reaching a constant due to
saturation, while the fill factor is reduced by the increasing power loss caused by series
resistance and the high current. Thus, the output power is lowered, and the resultant overall
module efficiency will decrease. Therefore, it is very important to reduce the series resistance of
the solar module for very high concentration applications.
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Fig. 12. The dependence of solar cell efficiency and fill factor on concentration ratio at STCs.
4.3 Major Terrestrial Applications of Concentrator Solar Cells
Solar cells have a wide range of applications, from powering portable devices to supplying
electricity to satellites. For terrestrial applications, concentrator solar cells are more suitable to
-21-
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generate electricity at large scale. Although at this stage it is not realistic to replace conventional
fossil-fuelled power plant, solar cell can still make a good supplement to it. There is often
shortage of electric power in many countries during summer due to wide usage of electrical
devices like air conditioners. Large solar power plant can be built with concentration solar cells,
while assembled panels can be mounted directly on roof top at the end user, which is usually able
to generate more electric power than the load during daytime. With an inverter to convert the
generated direct current into alternating current and a transformer, this extra electric power can
be supplied to the grid. In fact, many states now allow the end users to sell the surplus electricity
back to the grid. This will greatly relieve the problem of electricity shortage.
Other than in grid-connected regions, concentrator solar cells are also very useful in remote areas.
As electricity transmission to these isolated areas can be very costly or even impossible, solar
electricity becomes very competitive. Compared with diesel generator, such stand-alone
concentration cell's operation requires no fuel or human attention. However, the market size for
this application is smaller than the previous one, and the maintenance of the mechanical parts
may be a problem. Many countries, such as Australia, are establishing concentrator solar cell
power plants in desert areas, where direct sunlight is abundant thus operations of concentrator
solar cells are favorable.
4.4 Examples of Established Concentrator Systems
4.4.1 The EUCLIDES System
The EUCLIDES is a typical low concentration system that uses parabolic reflectors and
monocrystalline Si cells.['8 As illustrated in Fig. 13, two rows of parabolic mirrors are
assembled at both sides of a linear array of solar cells. The whole device is installed along north-
south direction, and rotation of the reflector is one-axis. A sensor is used to track the sun's
movement from east to west in the sky, and directs the mechanical unit to rotate the entire rows
of reflectors according to it. Concentration ratio for this system is usually around 20 - 40x, and
the solar cell must be able to work consistently under such concentration. Ordinary
monocrystalline Si cell from Czochralski wafer is specically treated to have laser-grooved buried
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contact (LGBC) which provides very good conductivity. At 40x concentration, such cell can
have efficiency as high as 18%. The Czochralski wafer can be further purified by the float-zone
(FZ) process, and the overall efficiency with such cell can be boosted to 20%.
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Fig. 13. Illustration of the EUCLIDES concentrator system.
4.4.2 The Amonix System
This system is established by Amonix Inc. and can achieve much higher concentration ratio than
the EUCLIDES system.[19] Fresnel lens is used instead to converge sunlight passing through it to
the solar cell, and concentrator modules are packaged in a panel, as shown in Fig. 14. Instead of
one-axis sun tracking as in the EUCLIDES system, two sensors are used for each panel to detect
the exact position of the sun in the sky. During a day, the panel rotates from east to west by one
set of mechanical drive, and tilts upwards as the sun rises and downwards as the sun sets by the
other set of mechanical drive. This two-axis sun tracking is much more precise, and with good
Fresnel lens, concentration ratio can reach 500x.
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Fig. 14. An Amonix 25kW panel consists of modules with Fresnel concentrators and advanced point-contact,
rear-junction Si solar cells.
To work under such high concentration, the Si solar cell used in this Amonix system has higher
requirements than that for EUCLIDES. The cross-sectional structure of such advanced Si cell is
shown in Fig. 15. In order to have long lifetime and diffusion length for minority carriers, FZ-
silicon wafers are used. The top surface of the solar cell is textured by preferential etching to
have pyramids bounded by (111) planes. Therefore, when the incident sunlight enters the cell
from these inclining (111) facets and certain portion of it is reflected back, the reflected sunlight
is very likely to hit the neighboring pyramids and has a second opportunity to enter the cell. In
this way, loss due to surface reflection is greatly reduced. Such textured surface also facilitates
light trapping. The metal at the backside has good reflectivity, so that poorly absorbed photons
are reflected to the top surface, and then have total internal reflection there. In this way, they can
have additional chances to generate electron-hole pairs. Both surfaces are also passivated to
reduce recombination. Unlike ordinary Si cells with top-down p-n junction and metal contact at
each surface, this advanced solar cell has the p-n junction and both metal contacts at rear surface,
leaving nothing at top surface to block the sunlight. Metal contacts are made into small points
and encapsulated by heavily doped p÷ and n+ regions, so that resistance is very low. This also
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reduces the recombination of charge carriers at these back contacts. With such point-contact and
rear-junction technique, record high efficiency of 27.6% for single-junction Si solar cell was
achieved, which is around 20% in practice under 500x concentration. [19] This means a single
1cm 2 cell can have an output electric power of 10W. Such cell, however, may be too costly to be
used in non-concentrator modules. Under high concentration ratios, the major factors affecting
the efficiency include the recombination of charge carriers at rear-junction, as well as the
laterally flowing currents among back contacts.
Roctn from Reflection fromft turfacefm otlOm surfaco
Fig. 15. Illustration of the cross-section of Amonix Si concentrator cell with point contact and rear junction.
4.4.3 The FLATCON System and Its Future Development
The FLATCON system is developed by Concentrix Solar GmbH and Fraunhofer ISE.[115 A
similar concentrator system with Fresnel lens and two-axis tracking is used in FLATCON, but
instead of Si cell, lattice-mismatched Gao.351In. 65P/Gao.83Ino.17As tandem cell is used. Such III-V
cell has significant advantages over the Si one in this concentrator module. Its efficiency can be
higher due to multijunction structure, and III-V materials are more resistant to radiation than Si,
thus more durable under concentrated sunlight. This III-V tandem cell is able to have efficiency
up to 31.3% at 300x concentration.
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Fresnel lens has a quasi-Gaussian intensity profile with 2500x concentration at the center, as
shown in Fig. 16(a). Such uneven distribution of intensity will lead to current mismatch, and the
efficiency is reduced. As the band gap of semiconductor decreases with increasing temperature,
and different layers of sub-cells absorb heat differently, such current mismatch is actually three-
dimensional. Therefore, it is desirable to use smaller cell, which also costs less to manufacture.
In the FLATCON system, a typical III-V tandem cell has a diameter of 2 mm. With such
dimension, the average concentration over the entire cell will be 500x.
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Fig. 16. (a) Intensity profile of the Fresnel lens used in FLATCON system (calculated). (b) FLATCON module
with other components.
Fig. 16(b) illustrates a typical FLATCON module with Fresnel lens, solar cell, and other
auxiliary components. The cells are connected by metal strip in series together with bypass
diodes, which are connected anti-parallel to the solar cells. During normal operation, the cells are
forward-biased and the bypass diodes are thus reverse-biased, acting as open circuit. If, however,
a certain solar cell is spoiled and reverse-biased by the rest cells in series, the bypass diode will
be forward-biased and conduct the current through it, thus preventing a hot spot. Such modules
are assembled on panels (Fig. 17), which can be installed on ground just like the Amonix system,
or attached to roof top.
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Fig. 17. Solar panels installed on the ground (left) and to be mounted on roof top (right).
Clearly, the efficiency of this FLATCON module can be further improved with more advanced
III-V multijunction cells rather than the tandem one. The concentrator photovoltaic technology
will be more competitive when the six-junction III-V cell with projected 58% test efficiency is
developed, and concentration ratio raised to 1000x from 500x. By then, this technology will be
able to make a strong challenge to current flat-plate modules.
The properties of these concentration systems, together with that of flat-plate Si for comparison
reason, are summarized in Table 1. By comparing with the practical efficiency of Amonix and
FLATCON units, it is estimated that the efficiency of the future six-junction concentrator cell
will decrease to around 50% from the theoretical 58% in real practice.
Table 1. Summary of various types of solar modules and their properties.
Sun Concentration STCModule Type Tracking Concentrator Ratio Solar Cell EfficiencyTracking Ratio EfficiencyFlat-plate None None 1 Crystalline Si 17.2%
Parabolic Mono-Si withEUCLIDES Linear 20-40 18-20%mirror LGBC
Si with point-Amonix Two-axis Fresnel lens 250-500 contact & rear- 27.6%
junction
FLATCON Two-axis Fresnel lens 500 III-V Tandem 31.3%
Fresnel III-V with sixFuture Two-axis lens/secondary 500-1000 junctions-58%
1_ 1_ mirror
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5 Market Analysis
Currently, the cost of solar electricity is still much higher than that of other types, thus its market
share is quite small. As shown in Fig. 18, electricity generated by burning fossil fuels was
dominant in U.S. market in 2003, while solar electricity, together with solar thermal, occupied
less than 1% of the 2% non-hydro renewable energies.[2 0]
Biomass (71%)
Wind (13%)
Solar Thermal and PV (<1%)
Geothermal (16%)
Fo
Fig. 18. U.S. Electricity Generation in 2003.
However, the market of solar electricity is not purely demand-driven. Due to the limited reserves
of fossil fuels and environmental concerns, many countries have policies to encourage the usage
of this clean and renewable energy. In the United States, for instance, financial incentives are
given for installation of solar energy devices and funds are provided for further research and
development work. California, being the most active state, has launched a solar initiative
program aimed to produce 3000 megawatts (MW) solar power by 2017, which worth $3.3
billion. [21] Due to these government policies, the world photovoltaic market has grown very fast
in the recent years, even though this technology is still not cost-competitive at this stage. Fig. 19
shows the forecast of the world solar cell market in the near future, from which the effect of
government policies is clearly observed. [22] These two, extremes of projected market are used in
the cost analysis, as the actual market size in the future is likely to be between them.
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While further research work and sophistication in this technology will gradually reduce its cost,
the oil price is rising continuously due to its diminishing reserve, thus one day solar electricity
will have a lower cost than that generated from fossil fuels. The photovoltaic market is expected
to continue its rapid growth the following years, and thus looks very promising. III-V
multijunction solar cell with concentrator unit has the potential to achieve higher efficiency than
currently dominant crystalline Si cell while remaining a low cost, therefore is very likely to
secure a share in this expanding market.
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Fig. 19. World annual market and growth rate forecast. It should be noted that this forecast was made in2007, at which point data for that year were not available. In fact, the actual world market in 2007 is 2826MW, 1231which is higher than the estimated 2246 MW shown in this figure.
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6 Cost Analysis
6.1 Price of Flat-plate Modules
The learning curve in Fig. 20 shows the decrease of average price with cumulated installed
power for flat-plate Si solar modules, which is linear in logarithmic scale.1'51 Thus, the price ($),
P, and production volume (MW), X, has a power law relationship: P = aXb, where a, b are
positive constants and 0 < b < 1, so the average price ($/Wp), AP = P / X = aX b-1 = aX c, where c
(= b - 1) is a constant between -1 and 0. From Fig. 20, this power law function is found to be:
AP = 21.35X -0.2. Here monthly average exchange rate in June 2008 is used, which is 1 Euro =
1.555 U.S. Dollar.[241 With the predicted market sizes in Fig. 19, the prices for flat-plate Si solar
modules from 2008 to 2012 are estimated and listed in Table 2 on the next page. Here a constant
market share of 90% is assumed for flat-plate Si.
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Fig. 20. The learning curve for flat-plate Si solar modules.
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6.2 Costs of Current Concentrator Modules
It is assumed that all the costs have similar power law relationship with production volumes, i.e.
the average cost, AC = C / X = aXb0 1 = aXc for all the concentrator modules. This cost function
can be solved to find out the factors a and c by knowing two average costs at two respective
production volumes.
The cost of EUCLIDES at 2 MW was found to be $6.06/Wp, which would be reduced to
$5.13/Wp under long run. E181 The costs for FLATCON systems were projected to be $3.30/Wp
and $1.66/Wp at 20 MW and 200 MW production volumes, respectively. 1' 51 Thus the cost
function of EUCLIDES is calculated to be AC = 7.51X -0.°73, and that of FLATCON is AC =
8.02X-0.297 . Similar learning curve for Amonix was also established, from which the cost function
is found to be: AC = 5.68X "0.174 . As these concentrator systems are either prototypes for testing
or new entrants to the market, the production volume before 2008 is ignored and a constant
market share of 1% is assumed in the following years for estimation purpose. The selling prices
are assumed to be 50% more than the direct costs for profit and to cover other fees spent in
administration, further R&D work, etc. These prices are also summarized into Table 2 below. It
can be seen that only FLATCON is able to challenge flat-plate module in the near future.
EUCLIDES and Amonix have higher prices due to their lower module efficiencies.
Table 2. The price functions, production volumes and average prices for various modules.
With Pessimistically Projected Market With Optimistically Projected Market
Year 2008 2009 2010 2011 2012 2008 2009 2010 2011 2012
Productiont o  12.6 16.3 21.0 26.8 34.0 13.3 18.5 25.4 34.1 45.0Flat-plate (GW)
AP = 21.35X °02  Cost
3.30 3.14 2.98 2.84 2.71 3.26 3.06 2.87 2.70 2.56
Market Size for each
concentrator module (MW) 29.4 66.0 112.8 170.8 243.6 36.3 87.9 157.4 244.1 353.4concentrator module (MWp)
EUCLIDES Price
AP = 11.25X -0.73  ($/Wp) 8.81 8.30 7.99 7.75 7.55 8.67 8.13 7.80 7.55 7.35
Amonix PriceAP = 8.51X -0ox 174  (Wp) 5.56 4.83 4.40 4.09 3.85 5.36 4.60 4.15 3.85 3.61
FLATCON PriceLAN = 12.04X Pri297  (Wp) 4.41 3.47 2.96 2.62 2.35 4.14 3.19 2.68 2.35 2.11
AP = 12.04X-o2 9 ' ($/WP) 
___
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6.3 Cost of Six-junction Concentrator Module in the Future
For a typical production line, one MOCVD machine (worth ~$1,500,000) and clean room (worth
~$6,000,000, good for up to 2 MOCVD machines) are required. Assuming they will be used in a
10-year period, the average cost per year will be $750,000. An operator is hired at annual salary
of $40,000. The annual production volume and corresponding materials consumption for triple-
junction cell were estimated,[11 from which 6-junction solar cell manufacturing is deduced. In
the manufacturing of triple-junction cells, two layers of III-V compounds are required, and it was
estimated that 5 runs can be done per day. Thus for the 6-junction cell, which needs five III-V
layers, 2 runs can be performed per day. Twelve 4-inch Ge wafers are deposited in each run.
Typically, 1,150 solar cells with 2mm diameter are produced on each 4-inch wafer, [6] and a yield
of 95% is assumed. Therefore, 8,760 Ge wafers and various amounts of precursors are consumed
per year to produce 9,570,300 solar cells. Together with other miscellaneous costs in production,
the total annual cost of solar cell manufacturing is estimated to be $4.1M. These cells, with
-50% module efficiency in practice, under 500x concentration of 85% direct solar radiation by a
80% efficient lens, will generate 5.11 MWp solar power. Thus the average cost of 6-junction
solar cell at this annual production level is $0.80/W,.
This annual production volume is equivalent to 2.86 MWp for the triple-junction cell (r - 28%)
in the FLATCON system. The costs at 20 MW and 200 MW were projected for other items in
this system,['15 and power law cost function is assumed for them. Thus the costs at this
production volume of FLATCON system are estimated, and scaled to 5.11 MWp for the 6-
junction one. These costs are summarized in Table 3.
Table 3. Estimation of costs of other items in the 6-junction solar system at 5.11 MW,.
Production Average Cost for FLATCON ($/Wp) Average Cost for 6-junction
Items At 20 MW At 200 MW At 2.86 MW module at 5.11 MW ($/Wp)
Cell Assembly 0.64 0.31 1.17 0.65
Lens 0.25 0.11 0.50 0.28
Module Assembly 0.37 0.22 0.59 0.33
Tracker 0.70 0.45 1.01 0.57
Inverter 0.51 0.23 1.00 0.56
Installation 1.09 0.08 0.14 0.08
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As this 6-junction system is similar to FLATCON, same trends of decrease in cost with
production volume, i.e. the factor c in the cost function, are assumed in the following
calculations. Thus, from the costs at 5.11 MWp listed in Table 3, cost functions for these items
are established. By assuming same market share of 1% in the following years, the prices are
calculated and listed in Table 4. From this table, it can be seen that this concentrator system with
6-junction solar cell is able to achieve lowest prices. More importantly, in the optimistic
projection, the production cost can be lower than $1/Wp in 2012, at which point it is cost-
competitive to electricity generated from fossil-fuelled power plant. Such prices are likely to
decrease further by increasing concentration ratio to 1000x. Therefore, this technology of 6-
junction concentrator solar generator is very likely to secure its share in the fast-expanding
photovoltaic market, and challenge fossil fuel and other energy sources in the near future. A
spreadsheet (in Appendix) is established, which includes all the calculations in this chapter.
From it, further calculations can be carried out to find out prices under other conditions and
market sizes.
Table 4. Estimation of costs of the 6-junction solar system and its selling prices in future.
With Pessimistically Projected Market With Optimistically Projected Market
Year 2008 2009 2010 2011 2012 2008 2009 2010 2011 2012
Production Volume 29.4 65.95 112.75 170.78 243.6 36.3 87.9 157.4 244.13 353.4(MWV)
Solar cell costl cel cost 0.38 0.27 0.21 0.18 0.15 0.34 0.23 0.18 0.15 0.13
($/Wp)__
Cell assembly cost l  t 0.38 0.29 0.25 0.22 0.20 0.36 0.27 0.22 0.20 0.17
Lens cost ($/Wp) 0.15 0.11 0.09 0.08 0.07 0.14 0.10 0.08 0.07 0.06
Module AssemblyAsse bly 0.22 0.18 0.16 0.14 0.13 0.21 0.17 0.15 0.13 0.12cost ($/Wp)
Tracker cost 0.41 0.35 0.31 0.29 0.27 0.39 0.33 0.30 0.27 0.25Inverter cost
Invertercost0.31 0.23 0.19 0.17 0.15 0.29 0.21 0.17 0.15 0.13
Installation cost
Installation cost 0.06 0.06 0.05 0.05 0.05 0.06 0.05 0.05 0.05 0.04
Total Average CostTotal1.90 1.49 1.27 1.13 1.02 1.78 1.37 1.15 1.02 0.91
Selling Pricelli  i  2.85 2.24 1.91 1.69 1.53 2.67 2.05 1.73 1.52 1.37
L($/W-p) I__ ____ _ __ _ _ _ _I _ _ _ _ _ I__ _ __ _  _ _ I_ _ _
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Fig. 21 shows the trends of predicted prices with pessimistically and optimistically projected
market sizes for flat-plate and the concentrator systems analyzed. The actual market size in the
future will be between these pessimistic and optimistic extremes, and thus the actual prices will
lie within the pessimistic and optimistic ones.
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Fig. 21. Trends of predicted prices with pessimistically (top) and optimistically (bottom) projected market
sizes for flat-plate and various concentrator systems. The actual prices will lie between them.
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The relationship between the price and the concentration ratio for the six-junction cell is also
estimated and shown in Fig. 22. As more advanced lens is required for higher concentration, its
cost is assumed to rise linearly with the concentration ratio. For instance, the price of lens at
1000x is assumed to be twice of that at 500x. The rest cost, however, is assumed to be constant.
The increased maintenance cost at higher concentration should be very small, and is thus ignored.
Therefore, due to the greater output power at higher concentration, the price is found to be lower.
With Pessimistically Predicted Market Size
2008 2009 2010 2011 2012 2013
Year
With Optimistically Predicted Market Size
2008 2009 2010
Year
2011 2012 2013
Fig. 22. Trends of predicted prices with
sizes at various concentration ratios.
pessimistically (top) and optimistically (bottom) projected market
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7 Intellectual Property
The first discovery of photovoltaic effect was in 1839, though it started to be attractive only after
1954 when Si was found to possess such property. Inspired by its space applications and
potential as future energy source, intensive research has been carried out since then and a large
number of patents have been filed, which claim various cell structure designs, materials used,
fabrication methods, assemblies and miscellaneous issues. It is very important to review these
existing patents to get the insight of the space available for new technology development. In this
section, the crucial patents in the field of multijunction III-V concentration solar cells are
discussed.
Spectrolab is a leading manufacturer of concentration solar cells in the world, and possesses
quite some recently filed patents to protect its products. King et al had one titled "Multi-junction
photovoltaic cells and panels using a silicon or silicon-germanium active substrate cell for space
and terrestrial applications" (USP#6340788), filed on December 2, 1999, claims structures with
up to four layers of III-V semiconductors from specified families grown on an active Si or SiGe
substrate at either side or both sides. Here "active" means that the substrate is also doped to form
a p-n junction and can thus act as a sub-cell, too. Transition layers are present between any two
sub-cells to reduce the recombination of charge carriers, and buffer-layers are used to reduce
lattice mismatch. Another patent (USP# 6380601) filed on March 29, 1999 by Ermer et al, titled
"Multilayer semiconductor structure with phosphide-passivated germanium substrate", claims
active Ge substrate with p-type bulk and phosphorus-doped top surface. There are also patents
claiming similar multijunction structures with substrate for supporting only. Such patents include
one titled "Multi-junction, monolithic solar cell using low-band-gap materials lattice matched to
GaAs or Ge" (USP#6281426), filed on July 13, 2000 by Olson et al; and another titled "High
efficiency, monolithic multijunction solar cells containing lattice-mismatched materials and
methods of forming same" (USP# 6951819), filed on December 4, 2003 by Iles et al. The former
claims structures with up to four active sub-cells on crystalline GaAs or Ge substrate, and the
latter claims structures with up to four layers of semiconductors stacking in decreasing band gap
sequence on the supporting substrate. However, no patent was found to claim active n-type Ge
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substrate with p-type doping on top surface, or p-type Ge substrate doped with donors other than
phosphorus, such as Sb. Nobody has claimed the six-junction structure, either.
For this type of monolithic multijunction solar cell, tunnel diode is required between two sub-
cells for current conduction, and usually a buffer layer is required between the substrate and the
cell on top of it. Also, each sub-cell needs to be passivated at both sides to reduce recombination.
Patents in this area include the one titled "Bilayer passivation structure for photovoltaic cells"
(USP#6150603), filed by Karam et al on April 23, 1999. Previously mentioned patents regarding
structures also cover these issues. However, this is not a big problem, as many combinations of
III-V compounds can do this job. On the other hand, the solar cell can have a multi-terminal
structure, in which the sub-cells are separated by layers of transparent conductors that have
external connections. In this way, separate current output is obtain from each sub-cell, thus the
current mismatch problem in the former setup is solved. Only a few patents filed in late 1980's
claimed this multi-terminal connections, and all these patents are already expired now.
Thus, there is no patent infringement to develop active Ge substrate as the bottom cell in the
multijunction structure, provided it has n-type bulk doped with accepters on top surface, or p-
type bulk with top surface doped with donors other than phosphorus. No patent is found to block
the six-junction structure, either. The good news is III-V semiconductors are quite a big family
and many combinations can be tested to achieve optimum performance. Still, we must be careful
in the development of new structures and intermediate layers. Instead of tunnel diode,
transparent conducting layers can be used to produce a solar cell with multiple terminals.
Also, no patents are found claiming the specific way to fabricate such structures. Usually, metal-
organic chemical vapor deposition (MOCVD) is a common method to grow III-V layers on the
substrate.
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8 Business Strategy
8.1 The Supply Chain
The supply chain of the III-V concentration solar system is illustrated in Fig. 23. The raw
materials include Ge wafers and various precursors of Group III and V elements for the junctions.
MOCVD is commonly used for the III-V layers deposition, and modules are assembled with
cells, concentrator units and other accessories like metal frame and wirings. Finally, the
packaged modules are assembled into panels together with sun trackers and other necessary
components, and then sold to the users.
R a w M a ter i a l s
II Concentrators Trackers
Solar Cells Md sPanels Customer
Accessories Accessories
-- ----------------------------- -------\
Fig. 23. The supply chain of commercial III-V concentration solar cell industry.
8.2 IP Company
One way to profit from a newly developed technology is to license it to cell manufacturers for a
certain fee. This is a particularly good option if there is lack of fund and experience to start the
manufacturing by self, or the potential market penetration is not clear. The risk for IP company is
much lower, as no manufacturing equipment is required, and a much smaller number of
employees will be needed. This makes it a sound idea for short-term business. However, if this
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business is highly profitable, there will be a loss in long-term as only a small portion of the total
revenue, typically around 1%, is to be claimed as the license fee. In this case, the target market
will be the manufacturing or product companies that are making concentrator modules, such as
Spectrolab. With the production volume predicted in Fig. 19, the costs and revenues in the near
future can be calculated. The revenues of the IP company, which charges 1% of the revenues of
the cell manufacturer as license fees, are thus found. These results are listed in Table 5.
Table 5. The predicted revenues of IP company from costs and revenues of manufacturer.
Year 2008 2009 2010 2011 2012
Production cost with pessimistic market 11.07 9.70 9.86 10.21 10.99
size ($ Million)
Production cost with optimistic market 12.48 12.10 12.67 13.08 14.04
size ($ Million)
Pessimistic revenue of cell manufacturer 16.60 14.56 14.78 15.32 16.49
Optimistic Revenue of cell manufacturer( M18.72 18.15 19.00 19.62 21.06$ Million)
Pessimistic revenue of IP company ($) 166,043 145,572 147,826 153,180 164,862
Optimistic revenue of IP company ($) 187,153 181,509 190,043 196,170 210,627
8.3 Manufacturing Company
With fully developed multijunction technology at hand, another option is to start a manufacturing
facility that supplies III-V six-junction solar cells to those product companies to make modules
and then panels. Among such product companies, Emcore and Spectrolab are the leading ones
and it is preferred to form partnership with them. The suppliers will be Ge wafer manufacturers,
like Wafer World, Inc.
The initial investment involves the cost of MOCVD machine and clean room (which is good for
up to 2 MOCVD machines as analyzed in Chapter 6), as well as raw materials for the first year.
This initial investment may be quite large, thus it is prudent to start the business at a smaller
scale, i.e. with only one MOCVD machine and corresponding amount of raw materials. At the
end of the first five-year period, i.e. year 2012, if the market is booming, another MOCVD
machine is to be bought to double the production volume. The performance is calculated and
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listed in Table 6. Normally, the selling price is set at 50% more than the direct cost, and 40% of
their difference is taken as the profit, with the rest 60% to cover administration cost, funds for
R&D, etc. However, the annual cost in 2008 and 2013 will be significantly higher due to the
purchase of MOCVD machine and/or the clean room. Thus, to have a more regularly decreasing
selling price, the price in 2013 is set at $1.36/Wp to earn a smaller amount of profit, and the price
in 2008 is set to a low value of $3.00/Wp for a better market penetration.
Table 6. Costs, revenues and profits in a run of 10 years for the manufacturing company.
Direct Annual Average Selling Revenue
Year Annual Cost Production Cost Price Profit ($)
($) (MWp) ($/W) ($/W) ($)
2008 11,600,000 5.11 2.27 3.00 15,333,652 1,493,461
2009 3,259,050 5.11 1.45 2.18 11,144,287 3,154,095
2010 3,259,050 5.11 1.18 1.77 9,059,050 2,320,000
2011 3,259,050 5.11 1.05 1.57 8,016,431 1,902,952
2012 3,259,050 5.11 0.96 1.45 7,390,860 1,652,724
2013 8,018,100 10.2 0.91 1.36 13,902,511 2,353,765
2014 6,518,100 10.2 0.85 1.28 13,057,466 2,615,747
2015 6,518,100 10.2 0.81 1.22 12,461,045 2,377,178
2016 6,518,100 10.2 0.79 1.18 12,048,138 2,212,015
2017 6,518,100 10.2 0.77 1.15 11,745,340 2,090,896
8.4 Product Company
The third option is to start a product company that sells the assembled panels to the end user.
Direct competition with current leading companies like Spectrolab and Emcore is expected, and
more starting funds are required. Thus, this is not preferable for a start-up.
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9 Conclusion
The terrestrial applications of concentration solar cell were evaluated in both technical and
economical terms, comparing with Si-based flat-plate solar module used under non-concentrated
sunlight. Although Si flat-plate dominates the current photovoltaic market, it can hardly compete
with fossil-fuelled power plant, as its production cost is much higher due to the low energy
conversion efficiency and increasing deficiency of raw materials. The efficiency can be
increased with more complex designs, such as point-contact, rear-junction, and multijunction
structures. However, the manufacturing costs of these advanced cells are also much higher, and
this greatly reduces their practicality. One technical way to reduce their cost is to shrink the size
to save expensive semiconductor materials, but to maintain the output electric power, the
intensity of the solar radiation must be amplified. To achieve this, various concentrator systems
have been established to collect direct sunlight by a large surface and converge it onto the small
cell area by parabolic reflector or refractive lens. Also, under such concentrated solar radiation,
the recombination and surface contact shadowing will have less effect on the efficiency.
However, other problems, such as increased power loss due to series resistance, high temperature,
and inability to utilize diffuse sunlight, arise with concentrator systems, too. Extra mechanical
parts, tracker unit, as well as the lens, lead to additional cost to the concentrator module.
Therefore, cost analysis must be performed to find out if such concentrator solar module can
achieve a lower price than the Si flat-plates.
It was found that, generally, the cost of solar cell is only a small proportion of the total cost of
the concentrator system. Also, to be used under concentrated sunlight, the cell must be more
resistant to radiation. Therefore, the requirement for solar cell in the terrestrial concentrator
modules is similar to that of space application, in which III-V multijunction cell is more
preferred due to its higher efficiency and greater durability under concentrated solar radiation.
The ultimate six-junction cell with appropriate sunlight concentration is found to be able to
achieve lower cost than the currently dominating Si flat-plates and all the rest concentrator
systems. With enough market penetration, such six-junction solar module may even challenge
fossil-fuelled power plant in price of electricity generated. Also, the production cost of the III-V
multijunction solar module can be further reduced with higher concentration ratio. Thus the six-
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junction concentrator module appears to be most cost-effective, and is very likely to secure a
firm share in the rapidly growing solar market.
It should be noted that competitions are not only coming from other photovoltaic technologies.
Before carrying out research work for the six-junction structure, current patents must be carefully
studied, as they may also act as hindrances. It was found that Ge wafer doped with non-
phosphorus donors can still be used as the active substrate, on top of which five III-V sub-cells
can be grown by MOCVD. Many other choices for tunnel diodes and passivation layers exist,
and multi-terminal structure is also a good option. Thus there is still plenty of room for the
further development of this technology.
After studying the supply chain of multijunction concentrator unit manufacturing, a few possible
business strategies were suggested. It was found to be prudent to start with an IP company once
the six-junction technique is developed, as least risk is associated with it. In the case that ideal
market penetration is achieved, and enough funds have been accumulated, it would be better to
start a manufacturing company for much greater profit. The major customers will be concentrator
solar units producers like Spectrolab and Emcore, and forming partnership with them will be
helpful. It is not suitable to start a product company in short run, as large amount of funds is
required and intensive competition with current major producers is expected. If, however, the
business goes very well in the long run, and the III-V multijunction concentrator module shows
predicted power to challenge even fossil-fuelled power plant, it may be possible to expand the
manufacturing company to product one for greatest reward.
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Appendix: The Spreadsheet Cost Model
During this thesis work, a spreadsheet cost model was established with MS Excel software. Its
advantage is to clearly display the effect of various parameters on the prices. Fig. 24 shows the
calculations of the costs of existing solar modules based on the predicted future market sizes in
Fig. 19, as well as the respective market shares. Originally, the market share of Si flat-plate is
assumed to be 90%, and the market penetration of each concentrator module in the following
years is assumed to be 1%. These market shares can be modified to see the change of prices.
Also, the percentage of direct solar radiation is assumed to be 85%, which can also be adjusted.
Other parameters include the exchange rate between Euro and U.S. Dollar, and the ratio of
selling price to the direct manufacturing cost.
Flat-Plate Price Pessimistic ptimistic
Year 2008 2009 2010 2011 2012 2008 2009 2010 2011 2012
Annual Market (MWp) 2940 3655 4680 5803 7282 3630 5160 6950 8673 10927
Cumulative MWp) 12617 16272 20952 26755 34037 13307 18467 25417 34090 45017
Share: 90% 113553 14644.8 18856.8 24079.5 30633.3 11976.3 16620.3 22875.3 30681 40515.3
verage Price ($/Wp)
EUCLIDES
Market Share: 1% 1% 1% 1% 1% 1% 1% 1% I 1%
- .
I~ ^ ^, I I ~ -, I .,.^ I I^ I "^ r-
Annual Production (MWp)
Cumulative (MWp)
Average Cost ($/Wp)
Exected Selling Price ($/Wp)
(% direct radiation)
36.5 Z51.0 69.5 00./73 109Y.2736.3 87.9 157.4 244.13 353.4
5.78 5.42 ,5.20 5.03 4.901
Amonix
Market Share: I 1% %4 1%1 1%1 1%J 1% 1% 1% 1% 1%
Annual Production (MWP) 29.4 36.55 46.8 58.03 72.82 36.3 51.6 69.5 86.73 109.27
CuNImu v(o+ o I 1 ( 7c 17f17R I 'A 2363 879 1574 24413 1 3534
Average Cost ($/Wp)
ExpectedSelling Price ($/Wp)
(% direct radiation)
I•• 1% ! i % I 1%i 1% I 1%
Annual Production (MWp) 1 29.4 1 36.55 1 46.8 1 58.03 72.82
A I rr C n I 1, -C I •••n o I nAI ICumulative tlvI Wp
Average Cost ($/Wp)
Expected Selling Price ($/Wp)
(% direct radiation)
3.57 3.06 ,2.77 2.56 2.40
Note: 1 EUR = N
Expected Selling Price
= SO more than production cost
for profit and costs in admin., R&D, ect.
Fig. 24. The spreadsheet cost model for existing solar modules.
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FLATCON
Market 
Share:
1% 1% 1% 1% 1%
36.3 51.6 69.5 86.73 109.27
36.3 87.9 157.4 244.13 353.4
2.76 2.12 1.79 1.57 1.41
Market Share:
I cn
Fig. 25 shows the calculation of the prices for the future six-junction concentrator module. The
production volume of solar cells depends on the yield and number of cells on each wafer, which
is typically fixed at 1150; while the Ge wafer production volume depends on the available
MOCVD machines, number of runs per day and the number of wafers deposited in each run.
From this, the annual production in MW can be calculated with consideration of lens efficiency,
percentage of direct radiation, concentration level and the expected module efficiency. On the
other hand, the total annual direct cost of production includes machine and building costs,
technician salary, wafer and precursor costs, as well as other miscellaneous fees. Therefore, the
average cost of the solar cell at this production volume is obtained. Power law relationship
between average cost and production volume is assumed, and the factors a and c in the power
law function can be calculated from an established cost model for FLATCON system. By
assuming a market share of 1% (which can also be modified), the average cost of all the
components can be calculated based on the predicted future market size, thus the total cost and
selling price of this six-junction solar module can be calculated accordingly.
Year
Annual Market (MWp)
Cumulative (MWp)
Future Six-Junction Cell with F!
Market Share:
Annual Production (MWp)
Cumulative (MWp)
Solar cell cost ($/IWp)
Solar cell assembly cost ($/Wp)
Lens cost ($/Wp)
Module Assembly cost ($/Wp)
Tracker cost ($/Wp)
Inverter cost ($/Wp)
Installation cost ($/Wp)
Total Average Cost ($/Wp)
Expected Selling Price ($/Wp)
Pessimistic Optimistic
2008 2009 2010 2011 2012 2008 2009 2010 2011 2012
2940 3655 4680 5803 7282 3630 5160 6950 8673 10927
12617 16272 20952 26755 34037 13307 18467 25417 34090 45017
,ATCON System
1%
29.4
29.4
0.38
0.38
0.15
0.22
0.41
0.31
0.06
I.90
1A
36.55
65.95
0.27
0.29
0.11
0.18
0.35
0.23
0.06
1.49
1%
46.8
112.75
0.21
0.25
0.09
0.16
0.31
0.19
0.05
1.27
58.03
170.78
0.18
0.22
0.08
0.14
0.29
0.17
0.05
1.13
1%i
72.82
243.6
0.15
0.20
0.07
0.13
0.27
0.15
0.05
1.02
Iil /i
51.6
87.9
0.23
0.27
0.10
0.17
0.33
0.21
0.05
1.37
1%
69.5
157.4
0.18
0.22
0.08
0.15
0.30
0.17
0.05
1.15
S1%
36.3
36.3
0.34
0.36
0.14
0.21
0.39
0.29
0.06
1.78 1.02 0.91
Annual Production Cost of Six-Junction Cell
Item unit cost # / year Total
MOCVD $1,500,000 0.1 $150,000
Clean Rm $6,000,000 0.1 $600,000
Technician $40,000 1 $40,000
Ge Wafer $275 8760 $2,409,000
AsH3 $1,279 199.29 $254,824
PH3 $1,091 76.65 $83,646
TMGa $15,000 12.1667 $182,500
TMIn $33,000 8.76 $289,080
MOCVD & Clean Room:
# runs per day:
# wafers in each run:
ISub-Total: I $4,009,050Sub-Total: $4,009,050
With other misc cos - $90,950
Total Cost: $4,100,00
#cells
% yild
Lens Ef
% dlrec
Concen
STC Ef
Module
Annual
Average Cost: $0.80/W~ ·Vp factor a: 1.623911
Cost of Other Components I
Name of Component Factor a Factor c Cost New Factor a
Solar cell Assembly 1.62224 -0.31175 $0.65/W 1.08845
Lens 0.72937 -0.35902 $0.28/W 0.50297
Module Assembly 0.75247 -0.23408 $0.33/W 0.48264
Tracker 1.23936 -0.19081 $0.57/W 0.77524
Inverter 1.43135 -0.34242 $0.56/W 0.9776
Installation 0.16863 -0.14613 $0.08/W 0.10279
Fig. 25. The spreadsheet cost model for the future six-junction concentrator solar module.
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Ffactor c: I-0.43231
86.73
244.13
0.15
0.20
0.07
0.13
0.27
0.15
0.05
1%
109.27
353.4
0.13
0.17
0.06
0.12
0.25
0.13
0.04
r'
|
I
These calculated prices are plotted and shown in Fig. 21 and Fig. 22. Based on this information,
the possible business strategies can be analyzed. For IP company, the respective revenues are
calculated according to the predicted market size in the future, as well as an assumed license fee
of 1%. Also, from previously calculated costs of the six-junction solar cell, the profits for
manufacturing company is also calculated based on various selling prices. These results are
summarized in Table 5 and Table 6 in Chapter 8. Also, from these calculated values, the graph in
Fig. 26 can be plotted, which displays a direct view of the future performance of the
manufacturing company.
Fig. 26. The predicted performance of manufacturing company.
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